ABSTRACT. Solvi of the nepheline-kalsilite mineralogical system have been investigated by conducting both chemical homogenization and unmixing experiments for two nepheline-kalsilite series that differ in excess silicon. Reversed phase equilibria demonstrate that relatively small differences in Si content produce a 130°to 150°C difference in the critical temperature of the solvus. The higher critical temperature of the more siliceous series correlates well with greater Gibbs free energies and enthalpies of K-Na mixing. The nephelinekalsilite system documents the substantial effect of one chemical substitution ([ ]Si ϭ (K,Na)Al) on the thermodynamic mixing properties of another (K ϭ Na) and in turn the significant influence of Si on phase behavior.
INTRODUCTION
The nepheline-kalsilite solvus has been studied by both Tuttle and Smith (1958 ; also see Smith and Tuttle, 1957) and Ferry and Blencoe (1978) . The latter authors indicate a critical temperature (T c ) for a low-pressure (0.5 kb) solvus of about 1000°C. Neither of these studies, however, considered the possible effect of silicon content on solvus data.
The compositions of nepheline-kalsilite crystalline solutions vary not only in terms of K:Na ratio but also in the coupled substitution of vacancy-silicon for alkali-aluminum, [ ]Si ϭ (K,Na)Al. In the generalized formula (K,Na) 1Ϫx Al 1Ϫx Si 1ϩx O 4 ''x'' characterizes the ''excess silicon'' per four oxygen ions. Hovis and others (1992) and Roux (1993 and 1999) have reported the significant effects of even minor excess Si on the enthalpies of K-Na mixing (H ex ) for these minerals. If their results imply variation of excess Gibbs free energies (G ex ) with silicon content, then T c too should vary with excess Si. Indeed Hovis and coworkers had earlier reported that the ''homogenization'' of alkali cations (that is, avoidance of exsolution) in siliceous nepheline-kalsilite specimens required higher temperatures than did homogenization for less siliceous samples.
To quantify the effects of excess silicon on the nepheline-kalsilite solvus, we have investigated the solvus utilizing samples from two ion-exchange series described by Hovis and Roux (1993) , the so-called ''synthetic series'' having a nearly stoichiometric Al:Si ratio, and the more siliceous ''natural series.'' Here we report the results of this study, a portion of which formed the basis of a senior undergraduate thesis at Lafayette College (Crelling, ms ; also Crelling and Hovis, 1996) .
PHASES AND COMPOSITIONS
Starting materials.-The original work on this mineral system (Hovis and others, 1992 ; Hovis and Roux, 1993) utilized two relatively sodic nepheline parent materials, one a natural specimen from Monte Somma having a mole fraction of potassium of 0.129 and excess silicon of 0.052 per four oxygen ions; the other a hydrothermally synthesized nepheline (details in Hovis and others, 1992) having a mole fraction of potassium of 0.050 and excess silicon of 0.017. The material from Monte Somma also contained a small amount of calcium (0.036 Ca ϩ2 per four oxygen ions). The primary differences between these parent materials, then, were in (1) their initial Na:K ratios, (2) the small amount of Ca in the natural nepheline, and (3) Si content.
Other chemical compositions (Na:K ratios) were synthesized from these parent materials utilizing ion-exchange techniques described in detail by Hovis and Roux (1993 , p. 1110 -1112 , with the resulting ion-exchange series labeled ''natural' ' and ''synthetic'' in reference to the original parent materials. One minor consequence of potassium ion exchange for intermediate members of the natural series was the simultaneous replacement of both Na and Ca by K and thus the coupled decrease of both of these ions with increased K content along that series. Nevertheless, the principal difference between the series and one maintained throughout the synthesis procedures was the higher Si content of the natural series.
Chemical compositions for all members of the natural and synthetic series can be found in table 1 of Hovis and others (1992) . Pertinent analytical data are recorded in tables 1 and 3 of Hovis and Roux (1993) .
Characterization of composition.-As in previous investigations, we shall utilize a number of chemical components in order to describe the compositions of these minerals. These shall include Ne (NaAlSiO 4 ), Ks (KAlSiO 4 ), 2Qz ([ ]Si 2 O 4 ), and 0.5An ([ ] 0.5 Ca 0.5 AlSiO 4 ), and we shall use ''X'' to indicate the mole fraction of each. Note that it is the coupled exchange of 2(Na,K) ϩ1 ϭ [ ]Ca ϩ2 , in addition to the base X 2Qz content of 0.052, that accounts for the linear variation of alkali-site vacancies with composition from 0.094 to 0.052 (per 4 oxygen ions) between (hypothetical) pure-sodium and purepotassium endmembers of the ''natural'' series. Vacancies for all members of the ''synthetic'' series, on the other hand, are equal to excess Si content and constant at 0.017.
We shall portray the variation of various parameters with composition in terms of alkali site(s) occupancy, rather than chemical components, to emphasize the role that such occupancy plays in phase behavior and for consistency with previous papers. Mole fractions of species occupying the alkali site(s) of nepheline-kalsilite minerals, Na ϩ1 , K ϩ1 , Ca ϩ2 , and Vac (vacancies), are directly related to mole fractions of the chemical components as X Na ϭ X Ne , X K ϭ X Ks , X Ca ϭ 0.5 X 0.5An , and X Vac ϭ X 2Qz ϩ 0.5 X 0.5An (1) (2) (3) (4) such that
so one may be easily calculated from the other. We shall combine X Na and X Ca to form a single variable, as did Hovis and Roux (1993) , in view of the relatively small amounts of Ca ϩ2 in the natural series and also the similar sizes of Na ϩ1 and Ca ϩ2 . Thus,
which henceforth we shall refer to simply as X Na . In turn, then, we shall treat these minerals as ternary solutions, where X K ϩ X Na ϩ X Vac ϭ 1. Mineral structures.-In previous work on nepheline-kalsilite crystalline solutions ( Hovis and others, 1992; Hovis and Roux, 1993) we encountered phases at room temperature having one of three basic structures, namely (with increasing potassium content) nepheline, tetrakalsilite, and kalsilite. All these are hexagonal stuffed derivatives of tridymite but differ from each other in the details of framework configuration and in the number and kinds of alkali sites (see review of Merlino, 1984 ; also Buerger and others, 1954) . Nepheline, itself, which has a small oval and a larger hexagonal alkali site (oval:hexagonal ϭ 3:1), can be divided into two compositional regions, ''sodic nepheline'' (at X Na Ն 0.75) in which mainly Na(ϮCa) occupies the smaller site, and ''potassic nepheline,'' where (X K ϩ X Vac ) Ͼ 0.25 and K(Ϯvacancies) is forced to occupy some of the smaller sites (vacancies in nepheline seem to prefer the larger site, Hovis and others, 1992) . Once K enters the smaller sites, the linear trends of unit-cell parameters and volumes as a function of X K change slope (figs. 2 through 4 of Hovis and others, 1992 ; also Donnay and others, 1959) as do the trends for the enthalpies of solution (Hovis and Roux, 1993) . In fact, it is the strain caused by this substitution that most likely accounts for the existence of the solvus itself.
By contrast with nepheline, kalsilite has only one alkali site, ditrigonal in geometry and different from either of the alkali sites in nepheline. Tetrakalsilite has all three types of alkali sites present in the other two structures. In the present study we have encountered combinations of potassic nepheline, tetrakalsilite, and kalsilite as the quenched products of various experiments.
METHODOLOGY
In order to determine coexisting compositions along the solvus we have conducted experiments of two types. In one case sodic nepheline and kalsilite powders, carefully weighed on a Mettler AT201 balance in order to achieve the desired bulk composition, were thoroughly mixed, then compressed in the bottom of a platinum crucible. The crucible was placed in a furnace preheated to the desired temperature (T), where the two types of grains exchanged ions (that is, nepheline became more potassic and kalsilite became more sodic) and approached their final compositions from the outside of the solvus inward (henceforth, ''O-I'' or ''homogenization'' experiments). In the second case chemically homogeneous metastable potassic nepheline samples, synthesized previously by Hovis and Roux (1993) , were placed in platinum crucibles in a preheated furnace under conditions inside the solvus and allowed to exsolve. These phases too approached their final compositions as time evolved but from the inside of the solvus outward (henceforth ''I-O'' or ''unmixing'' experiments). By doing experiments of these two types for samples from both the synthetic and natural series, limbs of the two solvi were approached reversibly.
The quenched room-temperature phases resulting from these experiments consisted of potassic nepheline coexisting with either another potassic nepheline (highesttemperature experiments) or tetrakalsilite (intermediate temperatures) or kalsilite (lowest temperatures). Chemical compositions of these products were determined from the positions of compositionally sensitive diffraction maxima [the (201) of potassic nepheline, (401) of tetrakalsilite, and (101) of kalsilite], specifically from equations ( fig. 1 ; table 1) developed for each polymorph from data for the single-phase specimens of Hovis and Roux (1993) . Because of the need for a wider compositional data base for tetrakalsilite (201), (401), and (101) X-ray peak positions (CuK ␣1 radiation) of nepheline, tetrakalsilite, and kalsilite for single-phase specimens of Hovis and Roux (1993) . Crosses are for synthetic series specimens and diamonds are for natural series members. Equations for the lines are given in table 1.
than that available from Hovis and Roux (1993) , new samples of that phase for both series were synthesized during this work. Because of the general overlap of tetrakalsilite data for synthetic and natural series, the total of five data points for the two series were combined to produce a single determinative equation for that phase. All X-ray measurements during this investigation employed a Scintag DMS 2000 system and NBS 640a silicon as an internal standard, the same unit and technique used by Hovis and Roux (1993) .
Compositions determined from our equations suffer from potential uncertainty related to variability in alkali distribution that could result from the quenching of run products from various temperatures, although alkali mobility appears to have been quite rapid over much of the temperature range of our experiments. There also could be variability resulting from Al-Si order-disorder relationships. However, the small amount of excess Si in both series, combined with ''aluminum avoidance,'' would have significantly limited the magnitude of such effects.
The original chemical compositions given by Hovis and Roux (1993) were determined by atomic absorption spectroscopy (whole analyses for some specimens, partial analyses-Na 2 O, K 2 O, CaO-for others) and not by electron microprobe, which for feldspathoids has a tendency to drive off Na. Indirect analyses based on X-ray results, therefore, are tied ultimately to spectroscopic results.
In order to check compositions determined indirectly by X-ray techniques, thirteen run products (three I-O and ten O-I experiments) were analyzed directly by electron microprobe, utilizing a broad beam in order to minimize Na loss. Those data are included in table 2. From the microprobe analyses it became evident that O-I runs resulted in chemically homogeneous grains with one of two chemistries, either for the potassic or the sodic phase. From beginning to end, grains for these runs apparently exchanged ions but maintained chemically separate identities. During I-O runs, however, exsolution produced grains with an apparent range of chemical compositions. We do not know whether this apparent inhomogeneity was the result of the expanded microprobe beam, which from point to point focussed on variable proportions of two 
Equations for determination of composition
Equations have the form: X K ϩ X Vac ϭ a 0 ϩ a 1 2⌰, where 2⌰ is the position of the (201), (401), or (101) X-ray peak of nepheline, tetrakalsilite, or kalsilite, respectively, for CuK ␣1 radiation. Hovis and Roux (1993) .
† 2⌰ refers to the (201), (401), or (101) X-ray peak (CuK ␣1 radiation) of nepheline, tetrakalsilite, or kalsilite, respectively. The resulting Na-rich phase in all experiments was K-nepheline.
§ Standard deviations (1) for electron microprobe analyses are based on scatter in the data for the number of analyzed points given in parentheses. For unmixing experiments 9607 and 9722 and homogenization experiment 9626 the reported data include only the most K-rich and Na-rich analyses and ignore analyses (6, 2, and 5 data points, respectively) giving intermediate compositions.
phases, or whether some of these experiments actually failed to attain perfect chemical homogeneity. It is noteworthy that the extreme ends of the chemical range for such analyses (possibly corresponding to instances where the microprobe beam focussed on a single phase) matched well the coexisting compositions determined from ''doubled'' peak positions of the X-ray scans. In general, the electron microprobe analyses agreed well with those determined indirectly by X-ray for both O-I and I-O runs, to within 0.01 (X K ϩ X Vac ) for 56 percent of the analyses, 0.02 for 72 percent of the analyses, and 0.031 for all analyses. Eighty percent of the compositions determined by X-ray methods were within two standard deviations of average compositions based on multiple microprobe analyses (statistics in table 2).
One issue that arises in such compositional determination is whether the phases from the various experiments coexist as coherent or incoherent entities. If coherent, then equations based on chemically homogeneous single-phase specimens would not be appropriate to strained run products. There are several pieces of evidence, however, that for many experiments the coexisting phases were likely to be incoherent. One is the good agreement between chemical compositions based on X-ray data and those from direct electron microprobe analysis; it is unlikely that X-ray peak positions from a strained unit-cell would produce compositions that agree well with those based on data for single-phase specimens. Further, the electron microprobe evidence of chemically distinct whole grains for O-I runs would point to incoherency for those experimental products. Thirdly, at many temperatures the compositions determined for O-I experiments agree well with the reversed I-O data, implying that the corresponding I-O samples are incoherent as well. One possible exception to the coherency question could be for the run products of unmixing experiments conducted at high temperature in the vicinity of T c , where exsolution and coarsening kinetics are known to be slow. [Unfortunately, it also is for experiments conducted near T c that coexisting compositions determined by X-ray are least certain, as determinative (201) diffraction maxima produced by Na-rich and K-rich areas merge toward a single peak.] We hope that we are able to clarify such relations through TEM experiments as we continue work in this system.
RESULTS AND CONCLUSIONS
Reversed equilibria and alkali mobility.-Data for all experiments, both starting materials/ conditions and resulting phases and compositions, are recorded in table 2. Solvi resulting for synthetic and natural nepheline-kalsilite specimens are shown in figures 2 and 3, respectively. Figure 4 combines data for both series and compares these with the results of Ferry and Blencoe (1978) . Data on these figures for O-I and I-O experiments are designated by open and partially closed symbols, respectively.
We would point out a number of details regarding the data. First, although we do not claim that the resulting phases from our experiments exhibit perfect chemical homogeneity, the sharp X-ray peaks for most of the resulting feldspathoids and the relatively small standard deviations of the electron microprobe analyses (table 2) suggest that the range of composition for most of the resulting phases is small. Second, O-I and I-O data obtained at temperatures Ն800°C are in excellent agreement. Compositions for the apparent reversed equilibria commonly are well within uncertainties in (X K ϩ X Vac ) for the two sets of coexisting phases. Third, the movement of alkali ions occurs rapidly in these minerals. Note, for example, the rapid approach to equilibrium of homogenization experiment 9702 (table 2) in just 5.4 hrs at 951°C. Even at temperatures of 500°to 700°C an approach to equilibrium occurs in a matter of days. This corroborates observations (peak movement and broadening) made previously by us during high-temperature X-ray measurements on these minerals that noticeable ionic migration occurred during X-ray scan durations as short as 2 hrs at temperatures as low as 500°C.
Comparative solvus data and critical temperatures.-There can be little doubt that synthetic and natural series solvi have critical temperatures that are significantly different. Even though reversed equilibria are not perfect near T c (perhaps because of slower kinetics under such conditions or maybe because of the improper use of equations for single-phase specimens on potentially coherent phases), equilibria for the low-Si synthetic series are inside those of the high-Si natural series at temperatures Ն900°C. Moreover, a number of experiments for the natural series reveal evidence for exsolution at temperatures where specimens of the synthetic series are clearly single-phase.
Critical temperatures of solvi for the two series can be estimated by plotting the function (arctanh s)/s against inverse of absolute temperature (1/T(K)), where ''s'' is the compositional difference between a pair of coexisting phases at a given temperature and arctanh is hyperbolic arctangent. Thompson and Waldbaum (1969a,b) plot and used the nearly linear dependence of the two parameters to determine T c (defined by the temperature at which (arctanh s)/s attains a value of 1.0) for both halite-sylvite and alkali feldspar solvi. Although we show (arctanh s)/s data for temperatures Ն800°C (fig. 5) , we have used nepheline-nepheline quench pairs alone to estimate T c , thus only data near the top of each solvus (low values of 1/T). It is important to note that because of displacive phase transitions that can take place in this system as a function of temperature (Carpenter and Cellai, 1996) , we do not know what phases actually coexisted at high-temperature during our experiments. Nevertheless, room-temperature potassic-nepheline/potassic-nepheline pairs that are closely-spaced compositionally give us the most likely possibility of same-phase coexistence at elevated temperature. Fig. 4 . Results of solvus experiments for both synthetic (squares) and natural (circles) series members, as well as the low pressure (0.5 kb) experiments (X's) of Ferry and Blencoe (1978) . Open symbols are for O-I (homogenization) experiments and partially closed symbols are for I-O (unmixing) experiments. The linear fits to values of (arctanh s)/s shown in figure 5 give critical temperatures of 1381 and 1538 K (1108°and 1265°C) , respectively, for the synthetic (low-Si) and natural (higher-Si) series. Two homogenization experiments (table 2), one for the synthetic series (run 9756 at 1100°C) and one for the natural series (run 9750 at 1232°C), produced single-phase results at somewhat lower temperatures than these values. However, because of the very narrow miscibility gap at the top of the two solvi, those experiments may not have been within the tight bulk composition requirements needed to test T c . Moreover, high-temperature experiments in these materials have the potential for Na loss, so there is no guarantee that the final bulk composition of such an experiment precisely matches the starting one. The highest temperatures at which unmixing occurred in the two series were 1058°and 1193°C, respectively. It seems reasonable to accept a difference of 130°to 150°C in T c for the two series. Note that despite the difference in T c , limbs of the two solvi appear to be nearly coincident below 800°C.
We have included the low-pressure (0.5 kb) solvus data of Ferry and Blencoe (1978) in figure 5 and necessarily assumed that X Vac ϭ 0 for their run products. The T c of their solvus is about 100°C below that of our synthetic series. Compositions along the sodic limb are virtually coincident with those of our series, but compositions at relatively low temperatures along the potassic limb are somewhat more K(ϩVac)-rich than those of the present study. The lower T c of the Ferry and Blencoe (1978) solvus, which is relatively insensitive to pressure based on their 2 and 5 kb data, may indeed be related to a lower excess Si content than either series studied in the present work. Perhaps their series represents nearly stoichiometric samples (that is, Al:Si ϭ 1:1), as assumed.
Thermodynamics.-We have utilized the compositions of coexisting phases along the two solvi (methodology of Thompson, 1967) to approximate Gibbs free energies of mixing in this system. As with the approximation of critical temperature, because we could not be certain which polymorph(s) coexisted at high temperature in the solvus experiments, the data utilized for this purpose were limited to the closely-spaced compositions for quenched potassic-nepheline/potassic-nepheline pairs, which held the greatest likelihood for same-phase coexistence at elevated temperature.
Because the miscibility gap in this series occurs at intermediate compositions and because Na-nepheline behaves differently than K-nepheline (see Fig. 1 ), for the purpose of Margules parameter calculation we treated K-nepheline members of the synthetic and natural series along binaries having endmembers defined as (X K ϩ X Vac ) ϭ 0. 25 and 0.75 Nepheline-nepheline coexisting compositions given in table 2 thus were redefined relative to these new endmembers, and each series was treated as a ''shortened'' binary within the larger ternary system. Relative to the redefined compositions, resulting values for Margules parameters W G,KϩVac and W G,Na (corresponding to the above K-rich and Na-rich ends for the two series), respectively, are 15.9 (Ϯ1.6) and 25.5 (Ϯ0.3) kJ/mol for the synthetic series and 17.2 (Ϯ2.0) and 28.1 (Ϯ1.2) kJ/mol for the natural series; these values correspond to average run temperatures for (quenched) nepheline-nepheline pairs of 1062/1335 and 1184/1457°C/K. The resulting Gibbs free energies of mixing calculated from these parameters are shown in figure 6 , along with enthalpies of mixing calculated from the hydrofluoric acid solution calorimetric data of Hovis and Roux (1993) relative to the same endmembers. This methodology produces similar, although not identical, enthalpies of mixing based on the general formulation given in the latter publication.
Note that the excess Gibbs free energies ( fig. 6 ) are slightly higher for the natural than for the synthetic series, a result to be expected given the higher critical temperature for the latter. Note also that the 50°C enthalpies of K-Na mixing are major contributors to the free energies of mixing (assuming that values of H ex do not change substantially with temperature, Hovis and Navrotsky, 1995) . It is not surprising, then, that enthalpies of mixing too would correlate with the higher critical temperature of the natural series.
SUMMARY
This study confirms and quantifies the observations of Hovis and Roux (1993) that the nepheline-kalsilite solvus depends significantly on Si content. The critical temperature of the solvus is elevated 130°to 150°C by the relatively small increase of excess Si (0.017 to 0.052) from the synthetic to the natural series. Moreover, the higher T c correlates well with greater free energies and enthalpies of K-Na mixing in the natural series. To adequately characterize samples and understand thermodynamic and phase behavior in this system, therefore, Si content must be taken into account. The nephelinekalsilite system documents the substantial effect of one chemical substitution ([ ]Si ϭ (K,Na)Al) on the thermodynamic mixing properties of another (K ϭ Na), and in turn the significant influence of Si on phase behavior.
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